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As a C1 feedstock, CO2 has the potential to be uniquely highly economical in both a chemical
and a financial sense. In particular, the highly atom-economical acid-catalyzed cycloaddi-
tion of CO2 to epoxides to yield cyclic organic carbonates (OCs), a functionality having
many important industrial applications, is an attractive reaction for the utilization of CO2
as a chemical feedstock. Metal–organic frameworks (MOFs) are promising candidates in
catalysis as they are a class of crystalline, porous, and functional materials with remarkable
properties including great surface area, high stability, open channels, and permanent poros-
ity. MOFs structure tunability and their affinity for CO2, makes them great catalysts for the
formation of OCs using CO2 and epoxides. In this review, we examine MOF-based cat-
alytic materials for the cycloaddition of carbon dioxide to epoxides. Catalysts are grouped
based on the location of catalytic sites, i.e., at the struts, nodes, defect sites, or some
combination thereof. Additionally, important features of each catalyst system are critically
discussed.
Keywords: metal-organic frameworks, carbon dioxide utilization, carbon dioxide fixation, cycloaddition reactions,
heterogeneous catalysts, cyclic carbonates
INTRODUCTION
Humankind is highly dependent on fossil fuels as the primary
source of energy. However, consumption of fossil fuels through
combustion releases the greenhouse gas CO2 into the atmosphere,
which is believed to contribute adversely to climate changes glob-
ally. Currently, carbon capture and storage/sequestration (CCS)
from point sources is one of the most promising strategies being
implemented to reduce carbon emissions. An ancillary benefit
of the capture of CO2 in concentrated form may be its ready
availability for use as a chemical reagent. While the volume of CO2
that can be consumed with chemical production, and especially,
fine chemicals, is small in comparison to the amount generated
Abbreviations: CCS, carbon capture and sequestration; CPO, coordina-
tion polymer of Oslo; DHTP, 2,5-dihydroxyterephthalate; DRIFTS, diffuse
reflectance infrared Fourier-transformed spectroscopy; F-IRMOF, function-
alized isoreticular metal-organic framework; H2ABDC, 2-aminobenzene-
1,4-dicarboxylic acid; H2BPTC, 4,4′-biphenyldicarboxylic acid; H3BTB,
1,3,5-tris(4-carboxyphenyl)benzene; H3BTC, benzene-1,3,5-tricarboxylic
acid; H4BPTC, 3,3′,5,5′-biphenyltetracarboxylic acid; H4TBAPyr, 1,3,6,8-
tetrakis(p-benzoic acid)pyrene; HKUST, Hong Kong University of Science and
Technology; H4TACTMB, 1,4,7,10-tetrazazcyclododecane-N,N ′,N ′′,N ′ ′′-tetra-
p-methylbenzoic acid; MBB, molecular building blocks; MIL, Materials Institut
Lavoisier; MMCF, metal-macrocyclic framework; MMPF, metal-metalloporphyrin
framework; MOF, metal-organic framework; MTCPP, tetrakis(p-carboxyphenyl)-
porphyrin metalated with various metals, M); NU, Northwestern University; OC,
organic carbonate; PCN, porous coordination network; RE, rare earth; SC, styrene
carbonate; TBAB, tetrabutylammonium bromide; TPD, temperature programed
desorption; UiO, Universitetet i Oslo; ZIF, zeolitic imidazolate framework.
by fossil fuel combustion, its diversion for the former nevertheless
would be favorable from a green chemistry perspective. If done
efficiently, using CO2 as a reagent would likely constitute a net pos-
itive contribution toward sustainability (Aresta and Dibenedetto,
2007; Schrag, 2007; Haszeldine, 2009; Markewitz et al., 2012).
CYCLOADDITION OF CO2 TO EPOXIDE LEADING TO CYCLIC ORGANIC
CARBONATES
The cycloaddition reaction of CO2 to epoxides is a 100% atom-
economic reaction, and thus constitutes one of the most efficient
examples of artificial CO2 fixation. This chemistry is advantageous
compared to traditional syntheses, which usually involve highly
toxic and corrosive phosgene (Shaikh and Sivaram, 1996; Sakakura
and Kohno, 2009). Because of these advantages, cycloaddition of
CO2 to epoxides has been studied extensively (Zevenhoven et al.,
2006; Mikkelsen et al., 2010; North et al., 2010).
The mechanism for the cycloaddition of CO2 to epoxides typ-
ically involves an acid catalyst (e.g., a metal ion or a proton) that
coordinates to the epoxide thereby activating it toward nucle-
ophilic attack by the co-catalyst (typically a tetraalkylammonium
halide) to form a halo-alkoxide. This halo-alkoxide intermediate
can then react with carbon dioxide through cycloaddition to yield
the cyclic carbonate with regeneration of the tetraalkylammonium
halide co-catalyst (Figure 1) (North and Pasquale, 2009).
The rate law for the cycloaddition of CO2 to epoxide using
a homogeneous aluminum complex as the Lewis acid has
been determined (North and Pasquale, 2009). By varying the
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concentrations of catalyst, co-catalyst, and carbon dioxide, the
rate equation is ultimately described by Eq. 1 indicating that the
reaction is first-order for epoxide, carbon dioxide, and catalyst
concentration and second-order for the co-catalyst concentration.
rate = k[epoxide]1[CO2]1[cat.]1[co− cat.]2 (1)
SCOPE OF THIS REVIEW
Several types of heterogeneous catalysts, including metal oxides
(Yano et al., 1997; Yamaguchi et al., 1999; Yasuda et al., 2002, 2005),
zeolites (Doskocil et al., 1999), silica-supported salts (Wang et al.,
2006), titanosilicates (Srivastava et al., 2005), an organic network
(Chun et al., 2013), and a microporous polymer (Xie et al., 2013)
have been applied for the CO2 fixation reaction. However, they
mostly require elevated temperatures and/or pressures and/or sep-
aration and purification steps. Additionally, product yields from
these reactions are often low, thus increasing energy and cost due
to the increased number of separation and recycling steps in a
given chemical process. Therefore, the development of highly effi-
cient catalysts for the synthesis of cyclic carbonates from CO2 is
critical.
Promising candidates that could fulfill the abovementioned
requirements for an efficient catalyst (Farrusseng et al., 2009; Lee
et al., 2009; Ma et al., 2010; Jiang and Xu, 2011; Dhakshinamoorthy
et al., 2012; Yoon et al., 2012; Gu et al., 2014; Zhao et al., 2014) are
a novel class of hybrid, crystalline, highly porous materials called
metal-organic frameworks (MOFs) (Long and Yaghi, 2009; Farha
and Hupp, 2010; Serre et al., 2012; Xuan et al., 2012; Zhou et al.,
2012a; Furukawa et al., 2013). MOFs can be functionalized with
FIGURE 1 | Proposed mechanism for the acid (A)-catalyzed carbon
dioxide insertion into epoxide in the presence of a
tetraalkylammonium halide (bromide) (North and Pasquale, 2009).
acidic catalytic sites (present as coordinatively unsaturated metal
centers either at the nodes or at metalloligand struts) and nucle-
ophilic functional groups (e.g., amines) that can fulfill the role of
the co-catalyst in the cycloaddition of CO2 to an epoxide. More-
over, because they are crystalline solids, MOFs are easily separated
from reaction streams and recycled. Whereas many supported cat-
alysts suffer from an inhomogeneous distribution of environments
and coordination modes that reduce product selectivity, the regu-
larity of the catalytic sites in MOFs results in product selectivities
that are comparable with homogeneous catalysts. As a result of
these promising features, MOF materials have been developed for a
myriad of intriguing catalytic applications such as the insertion of
carbon dioxide into epoxide leading to organic carbonates (OCs).
In this review, we focus on the cycloaddition of CO2 to epox-
ides catalyzed by MOFs, forming OCs as the products. To date,
16 MOFs and their derivatives have been reported to catalyze this
type of reactions using 11 different epoxides shown in Figure 2
(Kleist et al., 2009; Song et al., 2009; Cho et al., 2012; Lescouet
et al., 2012; Macias et al., 2012; Miralda et al., 2012; Yang et al.,
2012, 2014; Zhou et al., 2012b; Feng et al., 2013; Kim and Park,
2013; Kim et al., 2013; Ren et al., 2013; Zalomaeva et al., 2013a,b;
Zhu et al., 2013; Beyzavi et al., 2014; Gao et al., 2014a,b; Guillerm
et al., 2014). In our discussion, we categorized the MOFs based on
the composition of the catalytic sites [the nodes/secondary build-
ing units (SBU), the functional ligand, or both] and reviewed each
individual case in detail. As summarized in Table 1, MOFs that
engage in the so-called “opportunistic catalysis” of CO2 insertion
(performed by defect sites, rather than by deliberately introduced
functionalities) include ZIF-8 (Miralda et al., 2012; Kim et al.,
2013; Zhu et al., 2013), ZIF-68 (Yang et al., 2014), and MOF-5
(Song et al., 2009). In these MOFs, structural defects as well as the
surface of MOF crystals play an important role in their catalytic
activity. Co- and Mg-MOF-74 (Cho et al., 2012; Yang et al., 2012;
Kim et al., 2013), MOF-505 (Gao et al., 2014a), HKUST-1 (Macias
et al., 2012; Kim et al., 2013; Gao et al., 2014a), Cr- and Fe-MIL-101
FIGURE 2 | Epoxides utilized for the cycloaddition reaction of CO2
catalyzed by MOFs and covered in this review.
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Table 1 | Structural details of the MOFs, which have been used as
catalysts for the cycloaddition of CO2 to epoxides leading to
five-membered ring OCs.
Entry MOF Structure Node Linker
1 ZIF-8 N NH
CH3
2 ZIF-68
N NH
N NH
NO2
3 MOF-5
(IRMOF-1)
O
O
HO
OH
4 gea-MOF-1
O O
HO OH
O OH
5 Hf-NU-1000
O
OO
O
OH
OHHO
HO
6 Co-MOF-74
O
O
OH
HO
OH
HO
7 Mg-MOF-74
O
O
OH
HO
OH
HO
8 Cr-MIL-101
OHO
O OH
9 Fe-MIL-101
OHO
O OH
10 MOF-505
OO
OO
OHHO
OHHO
11 HKUST-1
O
OH
O OH
O
HO
(Continued)
Entry MOF Structure Node Linker
12 MMCF-2 N N
NN
O
O
O
O OH
OH
HO
HO
13 PCN-224(Co) N
N N
N
O
O
O
O
OH
OH
HO
HO
Co
14 MMPF-9 N
NH N
HN
OO
O
O
OO
O
O
OHHO
HO
HO
OHHO
OH
OH
15 Ni(salphen)-
MOF NN
O O
Ni
OO
OHHO
16 MIL-68(In) or
MIL-68(In)-
NH2
O
O
HO
OHor
O
O
OH
HO
NH2
17 UiO-66 or
UiO-66-NH2
O
O
HO
OHor
O
O
OH
HO
NH2
18 IRMOF-3
O
O
OH
HO
NH2
.
(Kim et al., 2013; Zalomaeva et al., 2013a,b), gea-MOF-1 (Guillerm
et al., 2014), and most recently Hf-NU-1000 are MOFs that cat-
alyze the CO2 insertion reaction by catalytically active metal nodes
(Beyzavi et al., 2014). As an extension to the former category,
there are also MOFs in which ligands incorporating a Lewis acid
center as well as nodes with open metal sites are present to cat-
alyze the cycloaddition reaction. These MOFs with double Lewis
acid character include PCN-224(Co) (Feng et al., 2013), MMPF-
9 (Gao et al., 2014b), Ni(salphen)-MOF (Ren et al., 2013), and
MMCF-2 (Gao et al., 2014a). The last category includes MOFs
that are constructed from linkers with functional groups, but sat-
urated metal nodes, such as MIL-68(In)-NH2 (Lescouet et al.,
2012), UiO-66-(NH2) (Kim et al., 2013), ZIF-68 (Yang et al.,
2014), F-IRMOF-3 (Zhou et al., 2012b; Kim and Park, 2013;
Kim et al., 2013), and Zn4O(BDC)x(ABDC)3–x based MOF-5
(Kleist et al., 2009). In Tables 1 and 2, we list all the MOF examples
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Table 2 | Conditions utilized for the CO2 insertion into epoxides leading to OCs for each MOF.
Entry Substrate MOF Active site Temp.
(°C)
Pressure
(bar)
Time (h) %Yield Reference
1 c ZIF-8 Opportunistic 80 7 4 44 Miralda et al. (2012)
2 a 100 7 5 54 Zhu et al. (2013)
3 a 100 20 4 11 Kim et al. (2013)
4 c NR2-ZIF-8 Opportunistic+NR2 80 7 4 73 Miralda et al. (2012)
5 a ZIF-68 Opportunistic 120 10 12 93 Yang et al. (2014)
6 b MOF-5 Opportunistic 50 60 4 98 Song et al. (2009)
7 a, b, c, d gea-MOF-1 Node 120 20 6 85, 88, 89, 94 Guillerm et al. (2014)
8 a, b, k Hf-NU-1000 Node 25, 25, 55 1 48 100, 100, 100 Beyzavi et al. (2014)
9 a Co-MOF-74 Node 100 20 4 96 Cho et al. (2012)
10 a Mg-MOF-74 Node 100 20 4 94 Kim et al. (2013)
11 a 100 20 4 96 Yang et al. (2012)
12 a, b, e Cr-MIL-101 Node 25 8 48, 24, 64 95, 82, 5 Zalomaeva et al. (2013a,b)
13 a 100 20 4 63 Kim et al. (2013)
14 a, b Fe-MIL-101 Node 25 8 48, 24 93, 95 Zalomaeva et al. (2013b)
15 b MOF-505 Node 25 1 48 48 Gao et al. (2014a)
16 c HKUST-1 Node 100 7 4 34 Macias et al. (2012)
17 a 100 20 4 48 Kim et al. (2013)
18 b 25 1 48 49 Gao et al. (2014a,b)
19 b, d, f, g, j MMCF-2 Node+ linker 25 1 48 95, 89, 43, 42, 38 Gao et al. (2014a)
20 b PCN-224 (Co) Node+ linker 100 20 4 42 Feng et al. (2013)
21 a, b, c, i, j Ni(salphen)-MOF Node+ linker 80 20 4 81, 80, 84, 76, 55 Ren et al. (2013)
22 b, d, f, g MMPF-9 Node+ linker 25 1 48 87, 80, 30, 31 Gao et al. (2014b)
23 a MIL-68(In) Opportunistic 150 8 8 39 Lescouet et al. (2012)
24 a MIL-68(In)-NH2 Linker 150 8 8 71 Lescouet et al. (2012)
25 a UiO-66 Opportunistic 100 20 1 48 Kim et al. (2013)
26 a, e, h, i UiO-66-NH2 Linker 100 20 1, 3, 4, 4 70, 97, 96, 83 Kim et al. (2013)
27 a, b, c, d F-IRMOF-3 Linker 140 20 5, 1.5, 1.5, 2 84, 98, 80, 92 Zhou et al. (2012b)
28 f F-IRMOF-3-Me-I Linker 120 12 6 88 Kim and Park (2013)
29 f F-IRMOF-3-Et-I Linker 120 12 6 91 Kim and Park (2013)
30 f F-IRMOF-3-Bu-I Linker 120 12 6 92 Kim and Park (2013)
31 f F-IRMOF-3-Bu-Br Linker 120 12 6 17 Kim and Park (2013)
32 f F-IRMOF-3-Bu-Cl Linker 120 12 6 8 Kim and Park (2013)
33 a IR-MOF-3 Linker 100 20 4 33 Kim et al. (2013)
34 b MIXMOFs based on MOF-5 Linker 140 40 3 63 Kleist et al. (2009)
and references from the literature, and we discuss selected reports
in the following sections.
REPORTED MOFs AS CATALYSTS FOR THE CYCLOADDITION
OF CO2 TO EPOXIDES LEADING TO OCs
MOFs WITH OPPORTUNISTIC ACTIVE CATALYTIC SITES
In this section, we present three examples in which the linkers
are not designed to be catalytically active, and the metal cen-
ters are coordinatively saturated. Therefore, the transformation
of epoxide to OCs is catalyzed either by the defects in the MOF
structure and/or the defects on the surface of the MOF. These
examples are ZIF-8 (Miralda et al., 2012; Kim et al., 2013; Zhu
et al., 2013), ZIF-68, and MOF-5 (Song et al., 2009), all of which
are Zn2+-containing materials. Some function as single compo-
nent catalysts (that is they have both Lewis/Brønsted basic and
Lewis acidic defect sites and can function without the addition of
a co-catalyst). Others have Lewis acidic defect sites exclusively and
need a co-catalyst.
Zeolitic imidazole frameworks or ZIFs are composed of
imidazolate-based linkers and a divalent metal node, most com-
monly Zn2+ (Banerjee et al., 2008; Phan et al., 2009). An archetypal
member of this class of materials, ZIF-8, has a major pore of 11.6 Å
and apertures of 3.4 Å (Table 1, Entry 1). The narrow aperture of
ZIF-8 restricts what substrates can enter the cavity, as only sub-
strates with the right kinetic diameter will be able to enter the ZIF.
As a result, catalysis generally occurs on the exterior of the crys-
tallites where Lewis or Brønsted sites that terminate the surface of
the ZIF are found (Chizallet et al., 2010).
ZIF-8 was the first ZIF used as a catalyst in organic carbonate
synthesis (Miralda et al., 2012). It was used as a catalyst for the
cycloaddition of CO2 to c to form chloropropene carbonate in the
absence of solvent or co-catalyst. The reaction was carried out at
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70–100°C for 4 h at 7 bar of CO2 with poor to moderate yields
(Table 2, Entry 1). As amines have high affinity for CO2 and are
used in CO2 scrubbers, the surface sites of ZIF-8 were functional-
ized with ethylene diamine to improve CO2 affinity and increase
the carbonate yields. Epoxide conversion and carbonate yield were
improved from a maximum of 44% yield in ZIF-8 to 73% in
functionalized ZIF-8 (Table 2, Entry 4). Control experiments that
tested whether zinc nitrate hexahydrate, ethylene diamine, and
2-methylimidazole were capable of catalyzing the reaction were
carried out at 80°C for 4 h at 7 bar CO2 and yielded only diol,
confirming that the ZIF-8 topology is a crucial component of the
reaction process. Catalytic trials were performed using zeolite beta,
zeolite TS-1, zeolite HY, and SBA-15 as well; neither of the mate-
rials’ performance matched that of ZIF-8. Zeolites, as determined
by numerous vibrational spectroscopy studies of adsorbed Lewis
bases such as NH3, have a preponderance of Lewis/Brønsted acid
sites and few Lewis/Brønsted base sites. Likewise, silicates have very
weakly acidic Si–OH bonds while titanosilicate-1 has extremely
Lewis acidic Ti4+ sites but few basic sites (Srivastava et al., 2005).
In contrast, ethylene diamine-functionalized ZIF-8 possesses both
types of sites on its surface and thus outperforms these catalysts.
In a follow-up report (Zhu et al., 2013), ZIF-8 was used as a cat-
alyst for the synthesis of styrene carbonate (SC) from CO2 and a.
Reactions were conducted at 50–100°C under 7 bar of CO2 for 4 h.
Styrene oxide is too large to enter the pore of ZIF-8 and catalysis
is expected to occur at defect sites at the surface of the crystallites.
A maximum yield of ~54% was obtained at 100°C (Table 2, Entry
2). When the catalyst was recycled, there was no significant drop in
the product yield despite a reduction in the specific surface area by
~10%. Ammonia and pyridine binding studies were used to assay
the nature of the acid sites of ZIF-8 in both fresh and recycled
samples. DRIFTS of adsorbed pyridine and ammonia revealed the
presence of both Brønsted and Lewis acid sites in the fresh sam-
ples, but the almost complete disappearance of Brønsted acid sites
in recycled samples. A comparison of fresh and recycled samples
for CO2 temperature programed desorption (TPD) reveals a loss
of ~15% of basic sites, which explains the slight loss in carbonate
yield during catalyst recycling trials.
Building on the strategy of using ZIFs with high CO2 affinity as
catalysts for cyclic carbonate synthesis, Yang et al. (2014) explored
the catalytic behavior of ZIF-68 for the synthesis of SC. ZIF-68,
which contains 2-nitroimidazolate and benzimidazolate linkers,
has one of the highest calculated adsorption capacities for CO2
(Phan et al., 2009). It has a GME topology and larger pores (10.3
and 7.5 Å) than ZIF-8 and can act as a more active catalyst for the
cycloaddition of CO2 than ZIF-8 (Table 1,Entry 2) due to its ability
to capture CO2 (and thus essentially create high substrate con-
centrations at the catalytic sites). Catalytic trials were performed
between 80 and 130°C in a pressure range of 2–30 bar with a reac-
tion time of 12 h. Under optimized conditions, total conversion
to SC could be achieved after 10 h at 120°C (Table 2, Entry 5).
Recyclability studies with ZIF-68 revealed a loss in product yield
with each additional time that the catalyst was reused.
In a separate study, Song et al. (2009) utilized a differ-
ent zinc-based MOF, MOF-5, which has coordinatively satu-
rated metal centers in the node with unfunctionalized linkers
(Table 1, Entry 3). MOF-5 is composed of Zn4O nodes with
benzene-1,4-dicarboxylate linkers and has an aperture of 8 and a
12 Å pore diameter. Due to the lack of basic sites in MOF-5, cataly-
sis is expected to occur at the node and tetraalkylammonium halide
co-catalysts are required for the cycloaddition of CO2 to epoxides.
Cycloaddition reactions were carried out for a variety of epoxides
under mild conditions at 50°C,under 60 bar CO2 with nearly 100%
yield of propylene carbonate after 4 h (Table 2, Entry 6). As MOF-
5 does not have any catalytic functionality built into the linkers, all
catalysis must occur at defect sites. Indeed, studies by Ravon et al.
(2008, 2010) have shown that it is acidic –OH groups at defect sites
that are responsible for the catalysis. Ammonia and CO2 TPD was
performed on MOF-5 as part of a separate study to quantify the
number and strength of acidic and basic sites. CO2 TPD indi-
cated that there were no basic sites in MOF-5 (which explains the
requirement for using a co-catalyst when MOF-5 is employed as a
catalyst for the cycloaddition of CO2). Me4NCl, Me4NBr, Et4NBr,
Pr4NBr, and Bu4NBr were all investigated as co-catalysts in cat-
alytic trials. Less bulky quaternary ammonium salts gave little to
no yield of propylene carbonate while bulkier ones like Pr4NBr and
Bu4NBr gave the best results. These results indicated that the halide
ion was more tightly bound to the less bulky quaternary ammo-
nium cation and thus less available for catalysis. Epoxides with
electron withdrawing and electron donating substituents were
investigated and the reactions proceeded to completion in all cases.
MOFs WITH ACTIVE CATALYTIC NODES
In this section, we discuss six examples of utilization of MOF nodes
with catalytically active coordinately unsaturated sites for the
transformation of epoxides into OCs. The nodes function as Lewis
acid sites for the activation of the epoxide but lack any Lewis basic
functionality that would open the epoxide ring, thus requiring the
use of a co-catalyst. The catalytically active nodes are the build-
ing blocks of M2(DHTP)-based MOFs (CPO-27-M/M-MOF-74)
(Cho et al., 2012;Yang et al., 2012; Kim et al., 2013), MOF-505 (Gao
et al., 2014a), HKUST (Cu3(BTC)2) (Macias et al., 2012; Kim et al.,
2013; Gao et al., 2014a), Cr- and Fe-MIL-101 (Kim et al., 2013;
Zalomaeva et al., 2013a,b), gea-MOF-1 (Guillerm et al., 2014),
and Hf-NU-1000 (Beyzavi et al., 2014). Based on Lewis acidity
alone, one would expect the most active catalysts to have nodes
based on early transition metal catalysts and lanthanides (Y3+,
Zr4+, and Hf4+) followed by mid group transition metals in high
oxidation states (Cr3+, Fe3+, and Co3+) and finally late transition
metals (Cu2+ and Zn2+) should have the lowest catalytic activity.
It must be noted, however, that the nodes of these MOF are not
mononuclear species but multinuclear complexes, which leads to
additional factors that determine the catalytic activity.
The highly Lewis acidic Y3+-based MOF using a nonanu-
clear carboxylate-based cluster reported by Guillerm et al.
(2014) is one of the most recent catalysts for carbonate
synthesis. This cluster serves as an 18-connected MBB for the
formation of MOFs with (3,18)-connected gea topology. Sin-
gle crystals of gea-MOF-1 were prepared from the solvother-
mal reaction between H3BTB and Y(NO3)3·6H2O in DMF and
water. Structural analysis reveals that the anionic metal clus-
ter [Y9(µ3−OH)8(µ2−OH)3(O2C−)18]2− contains nine metal
ions, which form a tricapped trigonal prism. The yttrium cluster is
linked to 18 carboxylate groups from 18 BTB linkers to construct a
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three-dimensional framework (Table 1, Entry 4). Considering its
high porosity and great thermal stability, gea-MOF-1 was explored
as a heterogeneous catalyst for the cycloaddition of CO2 to epox-
ides. The reactions were carried out using 200 mmol substrate
to 0.15 mmol yttrium (60 mg catalyst) and 0.15 mmol tetrabuty-
lammonium bromide (TBAB) at 120°C and 20 bar CO2 for 6 h
(Table 2, Entry 7) in neat epoxide. The catalyst converted 86% of
the propylene oxide. However, under similar reaction conditions
the homogeneous YCl3/TBAB was more than 10× more active
than gea-MOF-1, indicating mass-transport limitations and/or
less Lewis acidic (Y3+) sites in the node in the gea-MOF-1 frame-
work. A heterogeneous control, Y2O3/TBAB, was also studied for
comparison and, as expected, conversion of propylene oxide was
much lower than in the case of gea-MOF-1/TBAB. The highly
accessible Lewis acid (Y3+) sites of gea-MOF-1 are the key for its
superior catalytic activity, as they are important for the epoxide
activation that is the first step in the reaction.
Recently, we reported an Hf-based MOF, Hf-NU-1000, which
is an excellent catalyst for the cycloaddition reaction of CO2 to
epoxides (Beyzavi et al., 2014). The MOF was synthesized via the
solvothermal reaction of HfOCl4·8H2O and 1,3,6,8-tetrakis(p-
benzoic acid)pyrene (H4TBAPyr) affording yellow microcrys-
talline product. As shown in Table 1, Entry 5, Hf-NU-1000
has triangular and hexagonal channels with a diameter of 1.4
and 2.9 nm. The node consists of an Hf6 cluster capped by
eight bridging carboxylate-containing linkers. Vibrational spec-
troscopy was used to assign the coordination geometry of the
Hf-OH and Hf-OH2 groups bound to the node, which was found
to be [Hf6(µ3−O)4(µ3−OH)4(OH)4(OH2)4(TBAPyr)2]. Hf-
NU-1000 converted a quantitatively at room temperature under
1 bar CO2 (Table 2, Entry 8) after 55 h. By increasing the tem-
perature to 55°C, the reaction proceeded to completion in 12 h.
We proposed that catalysis occurs at the –OH groups at the nodes
via a Brønsted acid pathway, as it was calculated that the hydroxyl
protons of Hf-NU-1000 are slightly more acidic than those of the
Zr4+ analog NU-1000. As a result, when NU-1000 was used in
the cycloaddition reaction, it yielded only 46% conversion under
identical conditions as Hf-NU-1000.
Metal-organic frameworks based on hard acid centers like
Mg2+ are expected to excel as Lewis acid catalysts for epox-
ide activation. In 2012, Cho et al. (2012) and Yang et al.
(2012) reported catalysis of the cycloaddition of CO2 to epox-
ides by M2(DHTP)(H2O)2·8H2O (CPO-27-M/M-MOF-74 where
M=Co2+ or Mg2+). The crystal structures of the Co- and Mg-
MOF-74 (CPO-27-Co and -Mg) are shown in Table 1, Entries
6 and 7, respectively. Larger substrates can enter the pores of
MOF-74 as it has pore diameters of ~1.1 nm. The metal nodes are
coordinated in a square pyramidal fashion (to five oxygen atoms
from the carboxylate and hydroxy groups on the organic linker),
with a water molecule (that can be easily removed by heating in
vacuo, yielding a coordinatively unsaturated metal site) filling out
the coordination sphere. Performing the reaction in neat epoxide
or in non-coordinating solvents is ideal as then catalysis rates will
not be retarded by competitive binding at the metal sites.
Both Co- and Mg-MOF-74 (CPO-27-Co and -Mg) were used
as catalysts for the insertion of CO2 into a and they show high
catalytic activities under 20 bar and 100°C for 4 h (Table 2, Entries
9–11) (Cho et al., 2012; Yang et al., 2012; Kim et al., 2013). The
catalytic trials were run under identical conditions using a non-
coordinating solvent that would not compete with the epoxide for
open coordination sites. An interesting feature of this system is that
catalysis occurs in the absence of the ammonium salt co-catalyst.
It is proposed, but not confirmed that the oxygen atoms of the
carboxylate linkers act as the base. Conversions were comparable,
however, because catalyst mass loadings were identical (20 mg cat-
alyst). On the basis of hard and soft acid–base theory, Mg2+ is a
hard acid while Co2+ is more intermediate, so one would expect
more of a difference in catalysis. However, the two systems had very
similar performance, thus implying the importance of the MOF
topology in enhancing the catalytic activity. Indeed, both the Co2+
and the Mg2+ analogs have very high CO2 affinities, which results
in a higher local concentration of CO2, thus increasing catalyst
performance.
As expected Cr-MIL-101 (Ferey et al., 2005) has all of the prop-
erties required from a good catalyst: large mesopores (two types
of mesoporous cages with diameters of 2.9 and 3.4 nm), thermal
stability, and coordination sites available for epoxide binding (see
Table 1, Entry 8). However, as a result of crystal field effects, Cr3+
in an octahedral coordination environment tends to be more inert
(water exchange rate constant of solvated Cr3+ has been measured
as ~10−6), thus impacting its ability to be an efficient catalyst. The
catalytic properties of Cr-MIL-101 for CO2 insertion reactions
were studied by Zalomaeva et al. (2013a,b). In their studies, the
reaction was performed under mild solvent free conditions, in
which neat epoxide a, Cr-MIL-101, and co-catalyst (TBAB) were
reacted under 8 bar CO2. The SC yield reaches 95% under 25°C
after 48 h. Under the same conditions, the yield of propylene car-
bonate (PC) from b is 82% (Table 2, Entry 12). For comparison,
the catalytic performance of Fe-MIL-101 (structural analog of Cr-
MIL-101, see Table 1, Entry 9) loaded with the same amount of
TBAB was also studied. Under the same pressure, temperature,
and catalyst loading, Fe-MIL-101 catalyst gives the yield of 93%
for SO and 95% for PO, respectively (Table 2, Entry 14). Although
MIL-101 (Cr/Fe) together with TBAB (co-catalyst) are effective
heterogeneous catalysts for the reaction of a with CO2 under mild
conditions (8 bar CO2 and 25°C), the catalytic activity of MIL-101
tends to decrease after a few cycles due to the structural loss or
blockage of the pores.
Metal-organic frameworks based on “soft” Cu2+ nodes have
also been used for epoxide activation. The advantage of using a
soft metal like Cu2+ to activate epoxides is that the epoxide will
not bind so strongly to the metal as to slow down catalysis. MOF-
505 (Chen et al., 2005), a Cu2(BPTC) based MOF, and Cu3(BTC)2
[also known as HKUST-1 (Macias et al., 2012)] both share simi-
lar Cu2-paddlewheel SBUs, which are based on the dimeric cupric
tetracarboxylate units. The linkers and copper paddlewheel nodes
form cuboctahedral cages in the MOF structure (Table 1, Entry
10 and vide infra). Open coordination sites can be generated by
dissociation or removal of the water molecules that occupy the
terminus of the Cu2+ atoms. HKUST-1 also has high CO2 affinity,
which should improve its efficiency as a catalyst. Both MOF-505
and HKUST-1 were used for cycloaddition reactions of CO2 to b
(Table 2, Entry 15 and 18) (Gao et al., 2014a). The reactions were
carried out under 1 bar CO2 at room temperature for 48 h yielding
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48 and 49% of corresponding product, respectively. In a separate
study (Macias et al., 2012), HKUST-1 was used for the cycload-
dition of CO2 to epichlorohydrin. However, HKUST-1 was found
not to be catalytically selective for the formation of chloropropene
carbonate below 100°C as the corresponding diol and dimers of
epichlorohydrin were observed. At 100°C and under 7 atm of CO2,
HKUST-1 in the absence of solvent and co-catalyst converts CO2
and c to chloropropene carbonate with the co-occurrence of the
corresponding diol (34%) and dimer (14%) (Table 2, Entry 16).
MOFs WITH CATALYTICALLY ACTIVE NODES AND LINKERS
Another interesting approach to construct suitable MOFs for the
CO2 fixation reaction is to incorporate and utilize Lewis acid con-
taining linkers for preparing MOF catalysts. This method could be
considered as a dual acidic activation approach; besides the nodes
with acidic character, the organometallic linkers also would partic-
ipate in the catalysis, thus enhancing the catalytic efficiency. This
approach requires designing new MOF topologies allowing incor-
poration of the functional linkers into the structure and results in
higher concentration of acid sites compared to those MOFs, which
only have catalytic sites in their nodes as discussed in the previous
section.
In order to investigate whether increasing the number of Lewis
acid sites could result in higher efficiency of the catalytic perfor-
mance, a NbO MOF platform was constructed by solvothermally
reacting an azamacrocycle ligand (H4TACTMB) with Cu(NO3)2
(Gao et al., 2014a) The Cu2+ is not only applied to form the
Cu2-paddlewheel nodes but also to in situ metalate the azamacro-
cycle. As shown in Table 1 Entry 12, the resulting MOF, MMCF-2,
has cuboctahedral cages with six square faces, which are occupied
by the azamacrocycle metalated with Cu2+. Since the presented
MOF has high concentration of Cu2+ centers (18 Cu2+ sites in the
cuboctahedral cage) it could be a suitable candidate for the CO2
insertion into epoxides and a superior catalyst to its counterpart,
MOF-505 (Chen et al., 2005) (Table 1, Entry 10), which has only
12 Cu2+ sites in its cuboctahedral cages. From the point of view of
the topology, both MMCF-2 and MOF-505 are made up of cuboc-
tahedral cages through 12 Cu2-paddlewheel nodes. However, in
MOF-505 the BPTC linkers cannot incorporate Cu2+ ions and
are therefore not catalytically active. Moreover, since in MOF-505
the Lewis acid Cu2+ sites are located at the corners of the octa-
hedral cages, they are not pointing to the center of the cage, thus
their accessibility by the reagents (and consequently the catalytic
activity) is limited. This limitation is addressed in the custom-
designed MMCF-2, as additional active Cu2+ sites are introduced
by decorating the six square faces of the cage with Cu2+ Lewis acid
sites, which are positioned toward the cage center, thus improv-
ing the interactions between the catalytic sites and substrates. The
resulting overall catalytic efficiency is very pronounced. MOF-505
or homogeneous Cu(TACTMB) convert b in 48 and 47% yield,
respectively, at room temperature and 1 bar CO2 after 48 h, while
MMCF-2 almost doubled the yield under the same reaction con-
ditions (Table 2, Entries 15 and 19). Besides substrate b, substrates
d, f, g, and j have been utilized for the CO2 insertion reaction using
MMCF-2; however, the yields for f, g, and j are below 50%, which
can be justified by the restricted diffusion of large epoxides into
the octahedral cage of the catalyst. This example clearly shows that
by incorporating additional accessible Lewis acid centers, the cat-
alytic activity of the MOF could be remarkably enhanced if the
substrate can access these sites.
Other interesting metal complexes with Lewis acid character
are metalloporphyrins and metallosalens, which both have been
incorporated into MOF structures and their catalytic activities
have been investigated for the cycloaddition reaction of CO2 with
epoxides. The metalloporphyrin complex example was reported
(Feng et al., 2013) by preparing a series of wide-range pH sta-
ble porous metalloporphyrinic zirconium-based MOFs denoted
PCN-224, which are constructed from a Zr6 cluster and MTCPP
ligand, resulting in 3D channels as large as 19 Å (Table 1, Entry 13).
It is known that metalloporphyrins are catalytically active for the
CO2 fixation reaction due to their Lewis acid character, therefore,
it was expected that PCN-224(Co), which has porphyrin link-
ers functionalized with Co2+ would be catalytically active for the
cycloaddition reaction of CO2 with an epoxide. As an example, b
was reacted with CO2 in the presence of PCN-224(Co) and after
4 h under 20 bars CO2 at 100°C, 42% conversion was observed by
the authors (Table 2, Entry 20).
Similarly, metallosalen complexes were used as linkers exempli-
fying again a double Lewis catalytic effect MOF design. This report
(Ren et al., 2013) describes a Ni(salphen)-based MOF material
which features the dicarboxylfunctionalized nickel salphen com-
plex (Ni–H2L) and shows catalytic activity for the cycloaddition
of CO2 to epoxides. As shown in Table 1 Entry 15, there are two
types of dinuclear Cd2 nodes which form clusters by two bidentate
and two tridentate carboxylate groups. One of the Cd2+ ions in
both Cd2 clusters is coordinated by five oxygen atoms and two
aqua ligands. Therefore, each cluster has four water molecules,
which could simply be replaced by the epoxide oxygen to enable
epoxide activation as the first step for CO2 insertion. Besides the
Cd2+ open sites, the coordinatively unsaturated Ni2+ ions in the
functional ligands are accessible to epoxide molecules for double-
Lewis acid activation. The catalytic activity of the presented MOF
was tested by using a, b, c, i, and j under 20 bars CO2 and 80°C and
the highest yield was obtained for c in 84% (Table 2, Entry 21) in
the presence of NBu4Br. Although Br− is less nucleophilic than I−,
NBu4Br shows slightly higher reactivity than NBu4I, which could
be a result of the less hindered diffusion of smaller Br− into the
microporous MOF. In order to examine if the cycloaddition reac-
tions are catalyzed by the coordinatively unsaturated Ni–L units or
the Cd2+ active sites, Ni–H2L and [Cd(bpdc)]n, were tested sepa-
rately as catalysts under the same conditions and it was found that
the yield of the carbonate product was significantly lower com-
pared to the reaction catalyzed by the MOF. This clearly indicates
that the Ni2+ and Cd2+ centers operate synergistically to activate
the epoxide.
MOFs WITH FUNCTIONAL LINKERS
As discussed, the open metal nodes in MOFs, which act as Lewis
acids, are catalytically active for the CO2 cycloaddition reaction
to epoxides. In most cases, however, use of a co-catalyst such as
tetraalkylammonium halide is required in the reaction to obtain a
higher SC yield under relatively mild conditions (Zalomaeva et al.,
2013a). As it was mentioned above, the role of the co-catalyst in
the acid-catalyzed CO2 insertion reaction is to attack the epoxides
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to form a halo-alkoxide (Figure 1). More importantly, it was also
discovered that the co-existence of the Lewis acid sites and the
co-catalyst could activate both epoxides and CO2 to form an inter-
mediate that facilitates the intramolecular reaction (North and
Pasquale, 2009). As MOFs are built from two components, metals
nodes and linkers, if the organic linkers can be employed as “co-
catalysts” to activate CO2 while the Lewis acidic metal nodes are
used to activate the epoxides, a MOF itself would be an efficient
catalyst. Encouraged by this hypothesis and the diversity of MOF
structures, the MOF community started to explore MOFs with
functional linkers as potential catalysts.
To date, several MOFs with functional linkers have been studied
for their catalytic activity toward the CO2 cycloaddition reaction
(Kleist et al., 2009; Lescouet et al., 2012; Zhou et al., 2012b; Kim
and Park, 2013; Kim et al., 2013). Among them, the amine group
is one of the most studied functional groups in these MOF cat-
alysts. As the open metal nodes in MOFs are Lewis acidic, the
introduction of Lewis basic functional groups such as amine (-
NR2) into the organic linkers would result in a catalyst with
acid-base pairs. Previous research has shown that traditional cata-
lysts (zeolites, mesoporous silica) with acid-base pairs are effective
in CO2 cycloaddition, in which CO2 is activated on the basic
sites forming a carbamate, which reacts with epoxides that are
adsorbed on the adjacent acidic sites. This concerted action of
acidic and basic sites in one catalyst could promote the produc-
tion of OCs, with the proposed mechanism shown in Figure 2
(Tu and Davis, 2001; Lescouet et al., 2012; Kim et al., 2013).
Compared to traditional catalysts, the well-defined yet versatile
structures of MOFs provide an excellent platform for hetero-
geneous catalysis. More specifically, in MOFs bearing acid-base
pairs, the base functionalities embedded in the organic linkers
are separated from the Lewis acidic open metal nodes due to
the well-defined 3D structure, thus preventing catalyst poisoning.
Meanwhile, the connections between organic linkers and metal
nodes ensure the acid site and adjacent base site are within a
certain distance so that the intramolecular reaction could occur
between the two species that are adsorbed to these two sites
(Figure 3).
In general, no co-catalysts are needed when using these MOFs
with functional linkers as catalysts, and they usually exhibit bet-
ter catalytic activities compared to their parent MOFs that do
not possess the basic functional linkers. For example, the catalytic
performance of amine-functionalized MIL-68(In)-NH2, a MOF
containing acid (indium nodes)-base (amine) pairs (Table 1, Entry
16), was found to be better than that of MIL-68 (In) in the CO2
cycloaddition reaction (Lescouet et al., 2012). Under 150°C and
8 bar CO2, the conversions of a after 8 h are 71 and 39% for
MIL-68(In)-NH2 and MIL-68(In), respectively (Table 2, Entries
23 and 24). Another example is UiO-66-NH2, which gives higher
conversion than UiO-66 for CO2 cycloaddition to a. After 1 h,
70 and 48% conversions of a were found for UiO-66-NH2 and
UiO-66 (Table 1, Entry 17), respectively (under 100°C and 20 bar,
Table 2, Entry 25 and 26), although this difference becomes less
significant when extending the reaction time (Kim et al., 2013). It
is worth noting that in both UiO-66-NH2 and UiO-66 the active
Lewis acid sites are exposed Zr4+ nodes resulting from the defects
in the structures. Kim et al. (2013) also carried an interesting
study on the correlation between the catalytic activities of MOFs
and their acid–base characteristics using NH3- and CO2-TPD.
They discovered that UiO-66-NH2 has the highest catalytic activity
among all the MOFs investigated (UiO-66, Mg-MOF-74, MIL-101,
HKUST-1, IRMOF-3, ZIF-8, and MOF-5), mainly because it con-
tains more weak basic sites (-NH2) than the other MOFs as well
as a comparable number of acid sites. On the other hand, strong
basic sites were found not as beneficial for the catalysis presumably
due to the slow desorption of the reaction products.
Besides using predesigned functionalized linkers, various cat-
alytically active groups can also be introduced into MOFs by post-
synthetic modification techniques or mixed-ligand approaches
(Kleist et al., 2009; Zhou et al., 2012b; Kim and Park, 2013).
For instance, quaternary ammonium salt functional groups were
successfully introduced into IRMOF-3 (Table 1, Entry 18) by post-
synthetic functionalization entailing the reaction of IRMOF-3
with various alkyl halides (MeI, EtI, BuI, BuBr, and BuCl) (Kim and
Park, 2013). In this study F-IRMOF-3 was prepared via a fast pre-
cipitation method that favors the formation of structural defects,
which in turn open up Lewis acidic sites on node-based Zn2+ ions.
The co-existence of Lewis acidic sites and linker-based Lewis basic
sites (quaternary ammonium salts) enhances the catalytic activity
of F-IRMOF-3. Analogs of F-IRMOF-3 featuring a diverse range
of tetraalkylammonium species were tested for transforming sub-
strate f to the corresponding carbonate. The catalyst activity was
paralleled with the size of the tetraalkylammonium group and the
size of the anion, both of which may affect the nucleophilicity of
the anions. The nucleophilic attack to the epoxide is an impor-
tant intermediate step in this reaction (Sun et al., 2005). The best
catalyst was a tetrabutylammonium iodide-functionalized MOF,
which gave the carbonate in 92% yield (under 120°C, 12 bar CO2
for 6 h, Table 2, Entries 27–32). Free quaternary ammonium salts
are well known homogeneous catalysts for the synthesis of OCs,
but they are characterized by poor catalytic recyclability (Kihara
et al., 1993; Tu and Davis, 2001; Yasuda et al., 2005; Kim and Park,
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FIGURE 3 | Proposed reaction mechanism for CO2 cycloaddition to an epoxide by a catalyst with acid–base pairs (A, acid; B, base) (Kim et al., 2013).
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2013). In contrast, the heterogeneous catalyst F-IRMOF-3 can be
easily separated from reaction mixtures by filtration, and then
redeployed. Recyclability tests with F-IRMOF-3 show that little
loss of activity accompanies its reuse with two additional reaction
mixtures.
CONCLUSION AND OUTLOOK
Metal-organic framework-based catalysts blend some of the best
features of homogeneous and heterogeneous catalysts. Most
notably, they offer an ease of modification that has traditionally
been available only for homogeneous catalysts. Taking advantage
of this tunability, one can synthesize nodes with Lewis acidic char-
acter so that they can rapidly activate epoxides. The density of
catalytic sites can be increased by having catalytically active link-
ers in addition to catalytically active nodes. The incorporation of
functional groups such as amino groups into the organic linkers
may increase the CO2 affinity of a MOF thereby increasing the
local concentration of CO2 near the catalytic sites. In addition,
organic linkers with Lewis basic functional groups could act as co-
catalysts to activate CO2, enabling the catalysis to occur without
additional co-catalyst.
Taking into account the lessons learned from developing MOFs
capable of catalyzing the cycloaddition of carbon dioxide to
epoxides, we can expect interesting future work aimed at pro-
ducing MOFs that effectively catalyze a broader spectrum of
CO2 consuming reactions, including reactions that require the
MOF additionally to function as a receptor and/or conduit for
capture and delivery of photonic or other external energy. The
catalytic properties of MOFs that show high isosteric heats of
adsorption for CO2 are worth exploring, as their CO2 capture
properties can lead to enhanced substrate concentration and
enhanced reaction kinetics. Depending on the binding mode of
CO2, such materials might also open up additional ways of acti-
vating CO2. Optimizing the acid–base properties of the MOF
materials could have a profound effect on catalyst performance,
and perhaps efficient catalysts that operate under at or near
room temperature and atmospheric pressure could be realized.
Finally, predictive modeling to optimize these properties and pro-
pose MOF candidates will expedite the search for the ideal MOF
catalyst.
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